Introduction
The inappropriate disposal of hazardousi ndustrialw astes such as pesticides, dyes, and pharmaceuticals in water resources causes seriouse ffects in entire ecosystems, with significant impacts on the environment and to the health of living beings. [1, 2] There are increasing efforts to develop suitable processes for the elimination or reduction of such contaminants. [3] [4] [5] Oxide semiconductors including zinc oxide (ZnO) have been successfully used in photocatalytic processes for the degradation of environmentalp ollutants. [6] Their properties such as good chemical stability ands uitable band gaps of about 3.2 eV result in efficient photocatalysis. [7] Severalm ethods have been used to synthesize ZnO, such as the polymeric precursor method, [6] hydrothermals ynthesis, [8] and the sol-gel method. [9] Among these, the polymeric precursor method offers the advantages of low cost, simplicity,a nd controllable chemicalc omposition, enabling good reproducibility,ahigh degree of crystallinity,a nd high purity. [10] Several changes in the traditional polymeric precursor methodhave been proposed to enhancethe electronic,textural, and morphological properties of semiconductor materials. Abreu et al. showedt hat the introduction of certaina dditives in the polymeric resin could preventt he formation of bridge bondsb etweenc itric acid and the metallicc ation, hence promoting the formation of particles with regular morphology. [11] Various molecules have been used as sources of nitrogen or sulfur to promote doping and improve the photocatalytic properties, with their degradation providing an environment rich in No rSd uring semiconductor crystallization. [12] [13] [14] However,f ew studies have been dedicated to investigating these effects in detail. One important aspecti st he effect of different molecules with similarstructures in this process, as their degradation temperatures and times vary widely,e nablingt he control of anion doping and particle growth.
This work therefore provides as ystematic investigation of the influence of the use of two differents ourceso fN[melamine (Mel) or urea (Ur)] during the synthesis of ZnO nanoparticles and their effects on the physicochemical and photocatalytic properties. The photoactivity of the as-synthesized ZnO samples was probed by the degradation of methylene blue (MB) Am odified polymeric precursorm ethod assistedb yNsources (urea or melamine) was used to obtain anion-doped ZnO nanoparticles. The influence of these molecules on the physical-chemical and photocatalytic properties of the as-synthesized samples was investigated. The ZnO nanoparticles exhibited ah exagonal wurtzite phase and crystallite sizes of approximately 20 nm. The addition of urea or melamine to the Zn 2 + precursor solution improved the surface properties of the materials and resulted in controlled growth of the N-doped ZnO nanoparticles, with urea showing superior performance for this purpose. These changes led to improved photocatalytic performance in the degradation of methylene blue (MB) dye and ethionamidea ntibiotic under UVC irradiation. It was observed that the indirect mechanism involving COH radicala ttack played the main role in both photodegradation reactions catalyzed by the as-synthesized ZnO samples, whereas the photosensitization mechanism had an egligible influence. The use of ESI-MS analyses showedt hat the MB dye molecules were broken up by the action of the ZnO photocatalyst,i ndicating the occurrence of am ineralizationp rocess.
[a] G. T. S. T. da Silva dye and ethionamide (ETA) antibiotic under ultraviolet (UVC) irradiation.F inally,amechanism was proposed to explain the photodegradation catalyzed by the as-synthesized ZnO samples.
Results and Discussion

Characterization
As shown in Figure 1 , all the samples, with the exceptiono f ZnO-Mel 5 ,e xhibited similarX RD patterns in the 2q range from 10 to 708.T hese were typical of the hexagonal wurtzite ZnO structure, according to JCPDS cardn o. 36-1451. The results confirmed that all the products were well crystallized and revealed that the presence of urea in the Zn 2 + resin did not significantly alter the crystalline structure or lead to the formation of anys purious phases.T he same behavior was observed on use of smaller amounts of melamine during the synthesis. However,t he use of 5.0 go fm elamine resulted in the formation of another phase that was identified as graphitic carbon nitride (g-C 3 N 4 )( JCPDS card no. 87-1526), [5, 15, 16] which was the predominant phase in this sample.
The crystallite size of the ZnO phase was calculated by using Scherrer'se quation, [17, 18] using the diffraction peaks of the (1 00), (0 02), and (1 01)p lanes( 2 q = 31.8, 34.5, and 36.48,r espectively). As shown in Ta ble 1, the values obtained for all the ZnO samples werev ery similar,w ith crystallite sizes of approximately 20 nm.
The optical properties of the samples with only the ZnO phase were studied by UV/Visible diffuse reflectance spectroscopy.F igure 2s hows the curves of (ahn) 2 as af unctiono f photo energy (hn), from the Ta uc equation, [19] for the direct band gap ZnO semiconductors. [20] The band gap energies, calculated from the x-axisi ntercepts of the tangent lines of the curves, were approximately 3.1-3.2 eV for all ZnO samples. The detailedr esults are shown in the inset of Figure 2 . In summary, the presence of urea or melamine in the Zn 2 + resin did not cause any significant changes in the electronic property of the as-synthesized ZnO samples.
As shown in Figure 3 , the morphological properties of the ZnO samples were affected by the addition of the molecules of urea and melaminet ot he Zn 2 + resin. The ZnO synthesized in the absence of urea and melamine consisted of rounded nanoparticles with no well-definedm orphology and ab road size distribution, which could be divided into two main regions with average sizes of 35 and 110nm, as shown in Figure 3a . On the other hand, the ZnO-Mel 1 and ZnO-Ur 1 samples consisted of nanoparticles with nearly hexagonal pyramidal shapes and sizes that were more homogeneous than for the conventional ZnO sample, with average sizes of 56 and 48 nm, respectively (Figure 3b-c) . This wasp robably owing to the presence of the amino groups in the urea andm elamine molecules, which acted as complexing agents for metal ions and consequently createdaphysical barrierf or the sintering. Thisp rovided controlled growth of the particles, resulting in am aterial with greater particle size homogeneity.I ns ummary,t hese molecules improve the control of the particle morphology,c ompared with the unmodified precursor methodb yu sing only citric acid as the complexing agent and ethylene glycol for polymerization.
Thermogravimetric analyses (TGA;F igure S1 in the Supporting Information) were performed to confirm the ZnO growth mechanism. It was observed that the presence of urea or melamine led to mass losses at highert emperatures, indicating that the productiono fv olatiles was still occurring at temperatures that typicallyi nfluence particleg rowth. This can be clearly seen in the DTG curves, as the main mass loss peaks were at higher temperatures. Hence, this organic fraction may act to preventc ontact among the particles, limiting diffusiona nd consequently the growth itself. However, investigationo fs uch phenomenaw as not the main goal of the presentw ork, and they are only mentioned here as an additional effect. The morphologya nd structure of the as-synthesized ZnO samples were further analyzed by transmission electron microscopy (TEM). As shown in Figure 4 , the TEM images of all the samples revealed sphere-like ZnO nanoparticles with an average size of approximately 43 nm, in good agreement with the SEM observations ( Figure 3) . Furthermore, the high-resolution (HR)-TEMm icrographso ft he ZnO nanoparticles( Figure 4 ) showedc rystallites with sizes of approximately 12 nm and an average inter-fringe distance of 0.28 nm, which could be attributed to the (1 00)p lane of the hexagonal wurtzite ZnO structure. This findingc onfirmed the results obtained from the XRD analysis( Figure 1 ). Therefore, the ZnO samples are composed of polycrystalline particles with at least two crystallites.
The chemical compositions and puritieso ft he as-synthesized ZnO samples were further characterizedb yF TIR analysis. As shown in Figure S2 (in the Supporting Information), the spectra exhibited similarp rofiles for all the ZnO samples, with absorption bands at 3445, 2923, 1634, 1386, 689, 509, and 440 cm
À1
.A ll the observed absorption peaks were characteristic of at ypical ZnO FTIR spectrum,w ithout any residue of urea or melamine. [21] Bands centered at 3445 and 1634 cm À1 were assigned to hydroxyl groupso nt he ZnO surface. [21, 22] Ashoulder at around 2923 cm À1 and as mall peak positioned at 1386 cm À1 were characteristic of -CH 2 stretching vibrations, [23] resultingf rom as mall residual quantity of organic resin. A sharp and strong band in the range 509-440 cm À1 was related to the metal-oxygen stretchingm ode in the ZnO lattice.
Photocatalytic propertieso fthe ZnO samples
The effecto fa ddingu rea andm elamine molecules to the Zn 2 + resin on the photocatalytic performance of the as-synthesized ZnO samples was evaluated by using the photodegradation of MB dye under UVC irradiation ( Figure 5 ). All the ZnO samples were kept in contact with the MB dye solution in the dark for 12 h, to reach adsorption/desorption equilibrium, prior to the photocatalytic tests. It waso bserved that theses amples exhibited negligible MB dye adsorption (< 5%), and that the direct photolysis of MB dye was also insignificant.
As showninFigure5,the ZnO-Mel x and ZnO-Ur x samples, especially ZnO-Mel 1 (Figure 5a )a nd ZnO-Ur 5 (Figure 5b ), exhibited higher photocatalytic activities than conventionalZ nO. The maximum photodegradationo fM Bd ye catalyzed by ZnO was approximately 6%,w hereas values of 87 %a nd 45 %w ere obtained for the ZnO-Ur 5 and ZnO-Mel 1 samples, respectively, after 60 min of reaction. Almost complete photodegradation of the MB dye was achieved after 120 min if using both of these samples. It could therefore be concluded that the inclusion of urea or melaminei nt he ZnO synthesis significantly improved the photocatalytic properties of the as-synthesized ZnO samples. Additionally,a ll the ZnO-Ur x samples showedc omplete MB dye discoloration after 180 min, whereas different behavior was observed for the ZnO-Mel x samples. Figure S3 (in the Supporting Information) shows the visible spectra and photographss howingt he changes in color of the MB dye solution after different periodso ft he photocatalytic reaction in the absence andp resence of the ZnO-Ur 5 sample.
Similar conclusions could be reached from the reaction rate constants shown in Ta ble 2. It was expected that the reaction kinetics should be dependento nt he concentration of MB dye and the active sites of the photocatalyst.H owever,a st he concentration of active sites remainedc onstantt hroughout the degradation period, the rate law could be written as ap seudofirst-order equation, as discussed in detail in our previous work. [24] Hence, the photodegradationr ate constants were obtained by using the equation: Àln(C/C 0 ) = kt,i nw hich C 0 and C are the concentrations of the pollutant at the start of the process and at reactiontime "t", respectively,and k is the rate constant. This analysisc learly showedt hat an increasei nt he amount of melamine in the Zn 2 + resin from 0.15 to 1.0 gr esulted in as ubstantial improvement in photocatalytic performance, with the rate constant obtained if using ZnO-Mel 1 approximately4 .1 times higher than with the ZnO-Mel 0.15 sample. However,afurther increasei nt he amount of melamine in the Zn 2 + resin, from 1.0 to 5.0 g, resulted in the predominant formation of g-C 3 N 4 (Figure 1 ), which typically exhibits al ower photoactivity than ZnO samples under UVC irradiation. Therefore, this sample did not follow the expected trend. Notably,t he g-C 3 N 4 sample (ZnO-Mel 5 )w as outside the scope of this study.I nt he case of the ZnO-Ur x samples, photocatalytic performance increased progressively accordingt ot he amount of urea used (ZnO-Ur 0.15 < ZnO-Ur 1 < ZnO-Ur 5 ), with the ZnO-Ur 5 sample presenting ar ate constant approximately 2.8 times higher than obtained for ZnO-Ur 0. 15 .
The observed behavior suggested that the photocatalytic properties of the ZnO nanoparticles could be optimized by adjusting the amount of urea or melamine used in the synthesis. In addition, the higherp hotocatalytic activities obtained for the ZnO-Ur x samples, comparedw ith the corresponding ZnOMel x samples, indicated that urea was more effective in improving the properties of the ZnO.
The main parameters that govern the catalytic performance of ap hotocatalyst are:( i) electronic properties including the band gap and lifetimeo fc harge carriers; (ii)morphological properties involving the shape and size of the particles;a nd (iii)textural properties and the degree of hydroxylation and reactivity of the surface. [25] [26] [27] [28] To obtain ab etter understanding of the photocatalytic activities of the ZnO, ZnO-Mel 1 ,a nd ZnO-Ur 5 samples, somephysical-chemical properties werefurtherevaluated by using N 2 adsorption/desorption, Fouriert ransform infrared spectroscopy (FTIR),a nd X-ray photoelectron spectroscopy (XPS).
Although the Brunauer-Emmett-Teller (BET) specific surface areas were similarf or all the materials (Table 3) , the mesoporous volumes of the ZnO-Ur 5 and ZnO-Mel 1 samples were approximately 2.4 and 3.0 times higher,r espectively,c ompared Figure 5 . Kinetic curveso fMBd ye photodegradation catalyzedbyt he ZnO, ZnO-Mel x ,a nd ZnO-Ur x samplesu nder UVC irradiation.T hree independent measurements were performedtoe stimate the standardd eviation. It is well knownt hat the quantity of surface -OH groups plays an important role in photocatalytic processes, [29, 30] especially if the hydroxyl radical is the major active speciesi nvolved in the oxidation of an organic pollutant.Asdiscussed previously, the absorptionp eak at 3445 cm À1 is related to the -OH surface groups and its intensityi sp roportionalt ot he concentration of these groups on the surface of the material. [29] [30] [31] As emi-quantitative analysis of these groups was therefore performedf or each sample ( Figure 6 ), with band normalization using the most intense spectrum as the reference. The ZnO-Ur 5 sample, which showed the greatest quantity of surface -OH groups, was used as the reference, and the ZnO-Mel 1 and ZnO samples presented intensities that were approximately 13 %a nd 32 %l ower,r espectively,c ompared with ZnO-Ur 5 .T hese results were in agreement with the highest photocatalytic performance of the ZnO-Ur 5 sample.
XPS analysisw as performed to investigate the surface compositiona nd chemical state of the elements,and to confirm the N-doping of the ZnO-Mel 1 and ZnO-Ur 5 samples. The survey spectrao ft he ZnO samples (Figure 7a )c onfirmed the presence of the elements Zn andOon the surfaces of allt he samples, without any contamination. For all the samples, the Zn 2p XPS high-resolution spectra (Figure 7b )s howedapeak at 1022 eV related to the binding energy of Zn 2p 3/2 .T he O1sX PS high-resolution spectra (Figure 7c )e xhibited broad and asymmetricp eaks that were deconvoluted by employing aG aussianc urve fitted to two peaks at 530.6 and 531.9 eV,a ttributed to the OÀZn and OÀHb onds, respectively.H igh-resolution N1sX PS spectra of the ZnO, ZnO-Mel 1 ,a nd ZnO-Ur 5 samples (Figure 7d )w ere also collected to determine if Nf rom urea or melamine was incorporated in the ZnO structure. As expected, no peaks related to nitrogen bonds were observed for the conventionalZ nO sample. For the ZnO-Mel 1 sample, the peak attributed to nitrogen was hard to identify,o wing to al ow signal/noise ratio. A more intense asymmetricp eak at about 400 eV was observed in the N1sX PS spectrumo ft he ZnO-Ur 5 sample and was fitted by using two peaks at 399.5 and 400.6 eV.T he peak at 399.5 eV was assigned to the ZnÀNl inkager esulting from the incorporation of anionic nitrogen into the ZnO crystal lattice, replacing the oxygen atoms. [9, 32] The peak at 400.6 eV was attributed to oxidized nitrogen in the form of Zn-O-No rZ n-N-O linkages. [13, 33] Notably,ahigher intensity N1sp eak wase xhibited by the ZnO-Ur 5 sample, compared with ZnO-Mel 1 ,indicating that the former had ag reater Nc ontent. The N-doping of ZnO positivelya ffected the electronic properties of the materials, as the ZnO-Ur 5 and ZnO-Mel 1 samples exhibited enhanced photocatalytic properties.
In summary,t he greater photoactivities of the ZnO-Ur x and ZnO-Mel x samples, compared with ZnO, were probablyo wing to three main factors:( i) improved textural properties, associated with increaseds urface hydroxyl groups;( ii)smaller and more homogeneous particles; and (iii)the incorporation of N into the ZnO lattice,w hichp rovided better electronic properties.
Study of the MB dye degradation mechanism
ZnO hasb een extensively used as ap hotocatalyst in reactions concerning the degradation of organic pollutants, artificial photosynthesis, ando thers. [6, 34] However,o nly af ew studies Figure 6 . Normalized FTIR spectra in the -OH surface groups region (3700-3000 cm À1 ). have attempted to elucidate the mechanisms of the photocatalytic reactions and identify the active speciesi nvolved in the process. Therefore, investigation was made of the roles of the differentm echanisms( indirect, direct,a nd photosensitization) [27, 35, 36] of the MB photodegradation under UVC irradiation, by using the ZnO, ZnO-Ur 5 ,and ZnO-Mel 1 photocatalysts.
The contribution of the indirect mechanism (COH radicalf ormation and attack) was evaluated by determination of COH by using terephthalic acid (TPA) as at arget molecule.T he reaction between the COH radical and TPAg enerates af luorescent product, 2-hydroxyterephthalic acid( HTPA), which is easily monitored by the photoluminescence( PL) technique. The amount of HTPAf ormed is directly proportionalt ot he quantity of COH radicals generated by the irradiated photocatalyst.T he PL spectra of HTPAo btained after 30 min on using the as-synthesized ZnO samples under UVC irradiation are showni nF igure 8a.T he quantity of photogenerated COH radicals was significantly higher if the ZnO-Ur 5 sample was used as ap hotocatalyst, followed by the ZnO-Mel 1 andZ nO samples. The highest amount of hydroxyl radicals generated by the ZnO-Ur 5 sample was ar esult of its improved electronic structure, as well as the large quantity of hydroxyl groups on its surface.
The reactionb etween TPAa nd the COH radical is only dependento nd iffusion of the COH radicals in the solution, so the quantity of photogenerated COH radicals is directly proportional to the amount of HTPAformed. Hence, the kinetic constantsf or formation of HTPAa nd COH radicals are similar, [30, [37] [38] [39] so the rate constant for COH radical (k OH )g eneration could be obtained by applying the pseudo-zero-order reaction equationt ot he HTPAf ormation data (Figure 8b ). The highest rate constant was found for the ZnO-Ur 5 sample, followed by the ZnO-Mel 1 and ZnO samples. Therefore, the rate constants for COH radicalf ormation and for organic pollutantsp hotodegradation, both catalyzed by the as-synthesized ZnO samples, exhibited the same trend ( Figure S4 in the Supporting Information). These resultss trongly indicated that the indirectm echanism played am ajor role in the photodegradationp rocess, as the order of COH radical formation followed the order of photoactivity for the ZnO samples.
The photo-oxidation of the MB dyem olecules catalyzed by the ZnO-Ur 5 sample was confirmed by analysiso ft he MB solution by using electrospray ionization mass spectrometry (ESI-MS). The ESI-MS spectrum for the MB dye standards olution (Figure 9a )o nly exhibited as trong signal at am ass/charge (m/ z)r atio of 284, attributed to the MB structure withouta ny oxidation.A fter 120 min of UVC irradiation in the presence of the ZnO-Ur 5 photocatalyst,the ESI-MS spectrum for the MB dye solution (Figure 9b )e xhibiteds everalp eaks at m/z = 332, 318, 301, 284,2 70, 256, 243, 162, and 129. Furthermore, the intensity of the signal at m/z = 284 was lower than in the spectrum for pure MB dye, indicating ad ecrease in its proportion following the formation of other species. The signals at m/z = 301, www.chemcatchem.org 318, and 332 reflected successive hydroxylationint he aromatic ring of the MB molecule, confirming that the COH radical played an important role in the MB dye photodegradation reaction, under the conditions used. The signals at m/z = 270, 256, and 243 reflected the loss of one or more methyl substituents from the amine groups of MB, forming the azure B, azure A, and azure Cs pecies, respectively. [40] Additionally,s ignals at m/z = 129 and 162 corresponded to cleavage of the aromatic ring resulting from attack by active speciest hat were photogenerated in the presence of the ZnO-Ur 5 sample under UVC irradiation.N otably,t his last finding confirmed that the MB dye molecules were broken down by using the photocatalyst, which was as trong indication of the occurrenceo famineralization process. This finding was very important, because a good catalyst must be able to break down the contaminant molecule, while at the same time minimizing the possible formation of byproducts that could also be toxic. Based on the ESI-MS results, as chematic diagram ( Figure S5 in the Supporting Information) was proposed to clearly describe the mechanism of the MB dye photodegradation catalyzed by the as-synthesized ZnO samples.
The stability of ap hotocatalyst is ac rucial parameter in catalytic applications such as the treatment of wastewater. [41] Therefore, the photostability of the conventionalZ nO and ZnO-Ur 5 samples was evaluated by performing recycling experiments for 180 min under UVC irradiation. As shown in Figure 10 , no significant deactivation (< 5%)w as observedf or both photocatalysts, even after four successive re-uses for MB dye photodegradation.
The structural, electronic, and morphological properties of the ZnO-Ur 5 photocatalyst were analyzed by the XRD, UV/Vis diffuse reflectances pectroscopy (DRS), and SEM techniques, before and after MB dye degradation for 180 min under UVC irradiation. There were no significant changes in the XRD pattern or the SEM image of the used ZnO-Ur 5 sample compared to the fresh material( Figure S6 in the Supporting Information). The band gap value of the used sample showed as light increase,f rom 3.15 to 3.21 eV,w hich could be attributedt oe xperimental error.T hese results revealed that the photocatalyst exhibitedh igh structural, electronic, and morphological stability during the photocatalytic reactionu nder the conditions employed.
Photodegradation of ethionamide (ETA) antibiotic
Ethionamide (ETA), af irst-line antibiotic used for the treatment of tuberculosis, was employed herea samodel of ar eal organic pollutant,w ith maximum absorption centered at 289 nm in the ultraviolet region( Figure S7 in the Supporting Information). [42] Figure1 1a shows the kinetic curves for ETA photodegradation catalyzedb yt he as-synthesized ZnO samples under UVC irradiation. The photodegradation curves linearized by pseudo-first-order kinetics are shown in Figure 11 b, and the rate constant (k ETA )v alues are provided in the inset of Figure1 1b.A ll the as-synthesized ZnO samples exhibited ETA photodegradation activity and negligible ETAa dsorption (< 5%), and the direct photolysis of this molecule was insignificant. The k ETA values calculated for ETAdegradation in the presence of the ZnO-Ur 5 and ZnO-Mel 1 photocatalysts were approximately 3.7 and 2.2 times higher,r espectively,c ompared with the value obtained for conventionalZ nO. The ratio of the effectiveness of these samples was the same as for MB dye photodegradation (k MB )a nd for COH radicalg eneration (k OH ), indicatingt hat the main degradation mechanismwas also owing to the attack of hydroxyl radicals on the ETAm olecules. Thus, these resultss uggested that photosensitization was not the main factor responsible for photodegradation of the studied www.chemcatchem.org organic pollutants( MB and ETA) catalyzed by the as-synthesized ZnO samples, and that the degradation process was independento ft he target molecule. In summary,t he as-synthesized ZnO photocatalysts exhibitede xcellent potentialf or application in real photocatalytic processes to degrade any type of organic pollutant. Table S1 (in the Supporting Information) provides ac omparison of the photoactivities of different photocatalystsa nd ZnO-Ur 5 for MB dyed egradation under identical experimental conditions (i.e.,l ight source, photocatalyst amount,M Bd ye concentration,a nd reactor design). This comparisond emonstrates the excellent performance of the ZnOUr 5 photocatalyst.
Conclusions
It was foundt hat ZnO samples preparedb yu sing am odified polymericp recursor method with additiono fu rea (ZnO-Ur x )o r melamine (ZnO-Mel x )e xhibited higher photocatalytic efficiencies for degradation of organic pollutants compared with ZnO obtainedc onventionally.T he use of these molecules (melamine and urea) in the synthesis providedc ontrolled growth of the ZnO particles, resulting in materials with more homogeneous particles izes. The enhanced performance of ZnO-Ur x and ZnO-Mel x in the degradation of MB dye and ETAa ntibiotic was explained by the greater quantity of surface hydroxyl groups, the incorporation of nitrogen into the ZnO lattice, and the enhanced textural properties of the materials. These positive effects were most pronounced in the case of the ZnO-Ur x samples. Investigation of the photocatalysis mechanism showed that degradation of the pollutantso ver all the photocatalysts proceeded mainly by means of non-selective COH radical attack, and that the photosensitization mechanisme xerted a negligible effect. Additionally,t he results of ESI-MS analysis demonstrated that the MB dye molecules were oxidized by the action of the ZnO photocatalyst, which was indicative of a mineralization process.
Experimental Section Reagents
The chemicals used were zinc acetate (Zn(CH 3 COO) 2 ·2H 2 O, ! 98 wt %, Synth), citric acid (HOC(CO 2 H)(CH 2 CO 2 H) 2 , > 99 wt %, Quemis), ethanol (CH 3 CH 2 OH, ! 99.5 wt %, Quemis), ethylene glycol (HOCH 2 CH 2 OH, > 99 wt %, Synth), nitric acid (HNO 3 , ×xodo Científi-ca), melamine (C 3 N 6 H 6 ,9 9wt%,S igma-Aldrich), urea (CH 4 N 2 O, > 99 wt %, Synth), methylene blue (C 16 H 18 N 3 SCl, Vetec), ethionamide (C 8 H 10 N 2 S, 98 wt %, Sigma-Aldrich), sodium hydroxide (NaOH, Synth), and terephthalic acid (C 6 H 4 (COOH) 2 ,98wt%,A ldrich). All reagents were used as received, without further purification.
Synthesis of materials
The polymeric citrate precursor method was used to synthesize the ZnO samples. In at ypical procedure, zinc acetate (5 g, 0.023 mol) and citric acid (13 g, 0.068 mol) were dissolved in ethanol (200 mL, 3.43 mol) and ethylene glycol (8 mL, 0.143 mol) at 70 8C. Then, HNO 3 (6 mL) was added to the mixture to complete dissolution. The volume of the solution obtained was reduced by evaporation by using ahotplate at 90 8Cfor 30 min, under magnetic stirring, resulting in av iscosity of approximately 5.5 cP.T his resulting solution is referred to as the Zn 2 + resin. Finally,s even ZnO samples were obtained by heat treatment of the Zn 2 + resin in an electric furnace, by using the following parameters:h eating at a rate of 2 8Cmin À1 until 100 8Ca nd holding at this temperature for 1h;h eating at 3 8Cmin À1 until 300 8Ca nd holding at this temperature for 2h to remove the organic portion;a nd heating at 3 8Cmin À1 until 550 8Ca nd holding at this temperature for 2h to obtain fully crystallized ZnO nanoparticles. Ac onventional ZnO sample (referred to as ZnO) was obtained from 11 mL of pure Zn 2 + resin. Another six samples were obtained by adding different weight amounts of melamine (Mel) or urea (Ur), that is, 0.15 g, 1.0 g, and 5.0 g, to 11 mL of Zn 2 + resin. These samples are referred to as ZnO-Mel x or ZnO-Ur x ,i nw hich x is the weight of added Mel or Ur molecules.
Characterization X-ray diffraction (XRD) measurements were performed with aS himadzu XRD 6000 diffractometer,u sing nickel-filtered CuK a radiation, 2q from 108 to 708 in continuous scanning mode, and as tep width of 0.028.U V/Vis diffuser eflectance spectra (DRS) were recorded from 200 to 800 nm by using aS himadzu UV-2600 spectrophotometer equipped with an integrating sphere (ISR-2600 Plus). Magnesium oxide (MgO) powder was used as ar eflectance standard. Fourier transform infrared (FTIR) spectra were recorded from 4000 to 500 cm À1 by using aB ruker Vertex 70 spectrophotometer, with ar esolution of 4cm À1 and averaging of 32 scans. The samples were mixed with potassium bromide in am ass ratio of 1:100 (ZnO/ KBr) and then pressed to form thin discs. Scanning electron microscopy (SEM) images were obtained with aJ EOL JSM-6701F field emission instrument. Transmission electron microscopy (TEM) images were obtained with aFEI Te cnai G2 F20 microscope operated at 200 kV.T hermogravimetric analyses (TGA) were performed with aS himadzu TGA-50 equipment by using oxidative atmosphere conditions (air flow rate of 60 mL min À1 ), temperature range from 30 to 600 8C, and heating rate of 10 8Cmin À1 .S pecific surface area (SSA) values were calculated according to the BrunauerEmmett-Teller (BET) method, by using N 2 adsorption data obtained at À196 8Cw ith aM icromeritics ASAP-2020 system. Samples were previously treated (degassed) by heating at 80 8Cu nder vacuum until reaching ad egassing pressure lower than 20 mmHg. X-ray photoelectron spectroscopy (XPS) was performed by using aS cientaOmicron ESCA + spectrometer with ah igh-performance hemispheric analyzer (EA 125), using monochromatic AlK a (hn = 1486.6 eV) radiation as the excitation source. The operating pressure in the ultra-high-vacuum (UHV) chamber during the analysis was 2 10 À9 mbar.E nergy steps of 50 and 20 eV were used for the survey and high-resolution spectra, respectively.T he following peaks were used for the quantitative analysis:O1s, C1s, N1s, and Zn 2p. The C( C, H) component of the C1sp eak of adventitious carbon was fixed at 284.5 eV to set the bond energy scale, and treatment of the data employed CasaXPS software.
Photocatalytic tests
The photoactivity of the ZnO samples was evaluated in the degradation of methylene blue (MB) dye under ultraviolet (UVC) irradiation. In at ypical procedure, photocatalyst (10 mg) was placed in contact with an aqueous solution of MB (20 mL, 10 mg L
À1
). All the experiments employed ap hotoreactor [38] equipped with six UVC lamps (Philips TUV,1 5W ,m aximum emission at 254 nm and À2 ;s ee the spectral distribution in Figure S8 in the Supporting Information), am agnetic stirrer,a nd a heat exchanger that maintained the temperature at 18 8C. The photodegradation of the MB dye was monitored at regular intervals by using aS himadzu UV-1601 PC spectrophotometer in the visible range, as this molecule exhibits maximum absorbance at 654 nm. Before the kinetic experiments, the suspensions were kept in the dark for 12 ht oe stablish adsorption/desorption equilibrium of the dye on the photocatalyst surface. The same conditions were used to evaluate the activity of the as-synthesized ZnO samples in the degradation of ethionamide antibiotic (2-ethylpyridine-4-carbothioamide, ETA). The initial concentration of ETAwas 10 mg L À1 and its decreasing concentration was monitored at 289 nm.
Mass spectrometry (MS) was employed to elucidate the mechanism of oxidation of MB dye and the formation of byproducts during the photocatalytic process, by using the ZnO sample with the highest activity.T he solutions were monitored by using electrospray ionization mass spectrometry (ESI-MS, Varian 310-MS), in positive ion mode. Aliquots were introduced into the ESI source by using as yringe pump and af low of N 2 was maintained at 20 mL min
.T he products are referred to by using the m/z ratio of the protonated molecular ion.
Hydroxylradicalformation tests
The ability of each ZnO photocatalyst to form hydroxyl radicals (COH) under UVC irradiation was indirectly determined by the photoluminescence technique, by using terephthalic acid (TPA) as the target molecule. [30, 37, 38] The reaction between photogenerated COH radicals and TPAr esults in the formation of 2-hydroxyterephthalic acid (HTPA), which is fluorescent. [30, 37, 38] Hence, the HTPAc oncentration is proportional to the COH radical concentration. In these experiments, ZnO photocatalyst (10 mg) was placed in contact with a solution of TPA( 20 mL, 5 10 À4 mol L
À1
)p repared in aqueous NaOH (2 10 À3 mol L À1 ). All experiments were performed by using the photoreactor described in the last section. At regular intervals, the HTPAc oncentration was monitored by fluorescence measurements by using aS himadzu RF-5301PC spectrofluorophotometer. The fluorescence emission spectrum in the wavelength range 380-540 nm (l maximum = 430 nm) was obtained by using excitation at 315 nm.
